Abstract − The purpose of this paper is to provide a broad overview of the types of electromagnetic research, development, and applications that occur within the Electrical Sciences group at Sandia National Laboratories. By presenting a few examples of ongoing projects, the goal is to feature a selection of the opportunities, as well as the technical challenges, for applied electromagnetics in a national laboratory setting.
INTRODUCTION
The Electrical Sciences center at Sandia National Laboratories (SNL) comprises departments including: 1) Electrical Science Experiments, 2) Electrical Models/Simulation, and 3) Electromagnetic Theory. This paper will focus primarily on the efforts of the Electromagnetic (EM) Theory department, which serves as an applied electromagnetic theory and plasma physics resource for the laboratory. The technical thrusts for our group bridge a wide range of linear electromagnetic and plasma-physics applications; these require analyses/tool development spanning computationally intensive, highly-detailed, and low uncertainty analysis to fast-turnaround, highfidelity bounding calculations for informing highimpact, time-sensitive mission objectives. To meet the broad needs of our internal Sandia customers, National Nuclear Security Administration (NNSA), Department of Defense (DOD), Department of Energy (DOE), and work-for-other projects, a wide breadth of technical expertise is required. Currently our team comprises a collection of electrical and mechanical engineers, plasma physicists, mathematicians, and computer scientists.
Although our group is partnered with several experimental departments (including the experimental Electrical Science department mentioned above), analyses and simulations are critical for addressing gaps in testing capabilities, hardware limitations, and uncertainty quantification. The applied EM-theory group thus provides advanced theoretical analysis, model development, and high-performance code development not only to complement experimental results, but also to facilitate research and development (R&D). While our department is engaged in a wide variety of activities including plasma-physics analysis related to high-voltage electrical breakdown and system-radiation effects, this paper will focus on a small sample of EM projects addressing system EManalysis, nanophotonic research, and next-generation code development. While electromagnetics is one of the more rapidly growing areas within the laboratory and our current work extends well beyond these areas, these projects have been chosen to provide a clear demonstration of efforts towards developing the following: 1) a stronger technical basis, 2) practical tools for the customer, 3) enabling technologies evolving from R&D, and 4) next-generation code to address the changing landscape in hardware architecture.
EXAMPLES OF CURRENT EFFORTS
In the following subsections, three examples of ongoing projects within our department are presented. While the EM theory team is made up of experts with different technical backgrounds and specialty areas, it is often the case that the projects require a breadth of expertise ranging from EM theory and analysis, mathematics, and computer science. The following projects demonstrate the range of technical work and are representative of those actively being worked by several team members with diverse qualifications.
Electromagnetic Compatibility
In this first example, we focus on the certification of complex systems to both normal and severe electromagnetic environments; these environments are those that are produced by communication sources (cell phones, radio, etc.) or high-power radar, for example.
Shielding Effectiveness
Shielding effectiveness (SE) provides a measure of how effectively a system casing screens the interior system to external field stimuli; we define it as the ratio of the electric field within the case, at a specific point in space, to the electric field that would be present in the absence of the system and at that same spatial location [1, 2] . Characterizing SE for systems that are densely-populated by interior components (creating more complex field structure and introducing additional uncertainties such as frequency-dependent material losses) and over extremely wide frequency bands is highly challenging, yet high-confidence SE predictions are required to meet the needs of the system customer [3] . Often the customer is looking to ensure that their system will not be upset in functionality or physically damaged in the presence of external EM threats. It is often the case that the external EM threats of interest cannot be realized directly in a test due to cost, time, or test facility limitations. Thus, the first step towards making this assessment is to determine the SE of the system over the amplitude and frequency ranges of potential electric-field environments. With this initial characterization, the EM environments can be reduced down to those where potential susceptibilities are revealed via low system shielding-effectiveness values.
For the purposes of this paper, a simple slottedcylinder geometry (shown in Figure 1 ) is used to demonstrate the methodology we have developed for characterizing shielding effectiveness. It is important to point out that a test body (represented here by a simple cylindrical geometry) would typically be experimentally characterized so that a frequency sweep of SE only along the interior perimeter of the wall casing (at a small, fixed number of locations) is obtained. The total number and individual locations of the measurements are dictated by time, cost, and hardware constraints, as well as limitations in facilities, sources, and instrumentation. While the details are suppressed for this short paper, theoretical analysis and simulation techniques used to complement the experimental data will be covered in this presentation. The discussion will include
• accounting for spatial-cavity field variations (as shown in Figure 1b) • translating reverberation-chamber responses to free-field SE results • bounding techniques to envelope the peaks of complex resonant SE responses so as to deliver a stronger technical basis for system certification. 
Nanophotonics Research
The laboratory-directed-research-and-development (LDRD) program is Sandia's principal source of discretionary R&D funding. This program allows Sandia the flexibility to invest in long-term, high-risk, and potentially high-reward R&D that builds and stretches the Labs' science and technology capabilities. LDRD projects provide Sandia's technical staff members the opportunity to advance their careers by pursuing self-defined research, work in highly-multidisciplinary teams, and also hone their skills in technical and project leadership. In the next subsection, technical advances made as a result of LDRD investments in the area of metamaterials and nanophotonics are presented [4] . While significant progress continues to be made in this area via current LDRDs , this serves as a single prior example of our group's research efforts.
Perturbed Dielectric Resonators
In this work we consider dielectric resonators as a lowloss alternative to metallic resonators for metamaterial design. For the purposes of controlling the spectral locations of the lowest-order resonances, we introduce deliberate cuts to the dielectric resonator geometry in a manner suggested by perturbation theory [5, 6] . With this approach, we demonstrate the ability to overlap the electric and magnetic dipole resonances, and thereby enable directional scattering by satisfying the first Kerker condition [7] . As a design demonstration, we consider a lead telluride (PbTe) dielectric cube with side length d=1.53 μm (about 1/7th of the free-space wavelength at the first magnetic resonance), relative permittivity equal to 32.04 + i0.0566, and a centered split of length s = 200 nm. Figure 2a shows the resonator geometry and Figure  2b shows the scattered radiation pattern generated by an isolated resonator of this type (under normal planewave incident excitation as indicated in Figure 2a and for three different frequencies). These properties are confirmed through the multipolar expansion and indicate that the use of geometries suggested by perturbation theory is a viable route to achieve purely dipole resonances for metamaterial applications such as wave-front manipulation with Huygens' metasurfaces [7] . Our results are fully scalable across any frequency bands where highpermittivity dielectric materials are available, including microwave, THz, and infrared frequencies.
Next-Generation Code Development
The Advanced Simulation and Computing (ASC) Program at SNL is aimed at providing validated computational simulation tools for a wide array of design and analysis capabilities. Sandia ASC codes such as SIERRA (thermal, fluid, and mechanical) and RAMSES (radiation, electromagnetic, and electrical) provide support to the NNSA mission, as well as provide computing and modeling tools that can be leveraged by a variety of other national security programs.
Currently, SNL is deeply engaged in the development of physics applications and system software to address next-generation computing platforms [8, 9] ; these platforms include such features as heterogeneous node architectures including multicore central processing units (CPUs), graphics processing units (GPUs), many integrated core (MIC) processors, multi-tiered memory, and commodity interconnects. In particular, our group is focused on developing next-generation tool suites for RAMSES EM and EM/plasma physics for supporting system analysis. These next-generation versions of the codes are intended to include:
• advanced physics and numerical algorithms for extending code capability and improving performance • component software design for agility, reuse, and reduced cost • exascale performance including data management for analytics, input/output, and data movement • advanced computational science included embedded uncertainty quantification, optimization, and analytics As the intention of this presentation is to provide an overview of the electromagnetic work within our group, the goals and current activities related to the nextgeneration RAMSES EM code will be presented. Discussions on the RAMSES EM/plasma physics applications targeted towards high-voltage breakdown, pulsed power, and high-power-microwave analysis [10] are deferred to a later date.
SUMMARY
While the range of past, current, and future technical thrusts in our EM group extend well beyond the small sampling of computational modeling/simulation, theoretical analysis, and code development presented in this paper, the objective here is to provide a broad overview of the types of opportunities and technical challenges associated with a national laboratory setting such as Sandia National Laboratories. It is important to point out that this broad range of activities spans from multi-year R&D to delivering final, low uncertainty answers for complex, time-sensitive questions, and everything in between. This wide variety of efforts requires a blend of expertise in physics, electrical engineering, mathematics, and computational science; it presents an exciting, challenging, and rewarding technical environment to both junior and more experienced subject-matter-experts.
In presenting a sampling of the EM theory group's current work, ties to the above-mentioned sister departments (Electrical Science Experiments and Electrical Modeling/Simulation) will also be discussed. This will demonstrate the internal collaborations and dependencies in the context of electromagnetic assessment on complex systems containing internal operating electronics. However, just as our group is involved in many more areas that can be covered in this presentation, the technical thrusts of these departments will only be briefly touched on. Other areas of work in these departments include (but are not limited to) advanced power systems and repetitive pulsed power systems, plasma physics experiments, and electrical device and microsystem code development, design, and analysis.
